Abstract-Grain structure influences both transport and recombination in CdTe solar cells. Larger grains generally are obtained with higher deposition temperatures, but commercially it is important to avoid softening soda-lime glass. Furthermore, depositing at lower temperatures can enable different substrates and reduced cost in the future. We examine how initial deposition temperatures and morphology influence grain size and lifetime after CdCl 2 recrystallization. Techniques are developed to estimate grain distribution quickly with low-cost optical microscopy, which compares well with electron backscatter diffraction data providing corroborative assessments of exposed CdTe grain structures. Average grain size increases as a function of CdCl 2 temperature. For lower temperature close-spaced sublimation CdTe depositions, there can be more stress and grain segregation during recrystallization. However, the resulting lifetimes and grain sizes are similar to hightemperature CdTe depositions. The grain structures and lifetimes are largely independent of the presence and/or interdiffusion of Se at the interface, before and after the CdCl 2 treatment.
Influence of CdTe Deposition Temperature and
Window Thickness on CdTe Grain Size and Lifetime After CdCl 2 Recrystallization ally less than 900 mV, whereas GaAs can achieve 1.1 V with a bandgap of 1.4 eV [4] . Overcoming standard grain-size distributions can help improve lifetime. CdTe is typically deposited on nanocrystalline window layers at deposition rates on the order of microns/minute. For most close-spaced sublimation (CSS) CdTe polycrystalline films [5] , [6] , the grain size is typically about half the film thickness at the back of the film. Near the critical CdTe/window interface, a number of small grains and many grain boundaries (GBs) can often be seen as a result of the nucleation process. Recent work has indicated that CdTe GBs are recombination centers that can affect aggregate lifetime [7] . Therefore, larger grains, resulting in a reduction of overall GB density, may improve CdTe lifetimes, which, in turn, can improve V OC [8] - [11] . A number of factors can adjust the grain structure, including the deposition method and temperature, the template, the ambient pressure, oxygen content in the ambient, growth rate, and postgrowth annealing treatments [12] , [13] . Typical CdCl 2 treatments are carried out at temperatures between 385°C and 415°C. There was no significant grain-size improvement at these temperatures and for the high-temperature deposition conditions that originally lead to better device performance. For example, earlier work indicated that the chloride activation step can recrystallize small grains (<1 μm) deposited by physical vapor deposition and metal-organic chemical vapor deposition, but did not find similar grain growth for CSS films with initial larger grains due to higher deposition temperatures [13] - [17] . Chloride treatments are known to influence minority-carrier lifetime by various other means, as well (e.g., GB defect passivation, GB recombination reduction, and intragrain defect reduction) [7] , [13] - [15] , [17] - [22] .
In this paper, we develop optical microscopy techniques and examine how grain size and carrier lifetime can be altered with CdTe deposition temperature in conjunction with CdCl 2 temperatures.
II. DEVICES AND CHARACTERIZATION
CdSe was deposited to thicknesses of 75, 150, and 300 nm on SnO 2 :F (FTO)-coated Corning 7059 glass, whereas 100-nm-thick Mg x Zn 1−x O (MZO) was deposited on FTOcoated soda-lime glass using RF sputtering at room temperature. CdTe was deposited using the CSS method with set sub-2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. strate/source temperatures of either 200°C/700°C (Low-T) or 600°C/660°C (High-T) with average CdTe thicknesses ranging from 5 to 8 μm, in an oxygen-containing ambient on each window layer. This was followed by a vapor CdCl 2 treatment series, with anneal temperatures ranging from 400°C to 475°C and anneal durations kept constant at 10 min. The treatments were performed in a CSS chamber at a total pressure of 400 Torr in the presence of oxygen with an 80/320 Torr oxygen/helium ratio. Electron backscatter diffraction (EBSD) measurements are a critical technique to characterize grain orientation and grain size in thin polycrystalline films. However, the equipment is expensive, requires substantive sample preparation, as well as training and time to execute. To analyze many films in less time, we have established new methods so that film growers can quickly evaluate grain size both at the back of films and throughout. For single-crystal CdTe material, it is often critical to evaluate the number of dislocations on the surface of a sample. This is usually done using acids that preferentially etch along dislocations and the density of etch pits revealed in this way is used as a material quality metric. These same etches can be used to preferentially etch GBs in polycrystalline material. GBs revealed after etching are clearly resolved with a simple optical microscope. By using images taken with a microscope, we can determine grain size using standard methods [23] . For this paper, we subjected polycrystalline CdTe samples to 10 s in the Benson etch [24] followed by rinsing in deionized water. The etch chemistry was 300 ml H 2 O: 10 ml HNO 3 : 10 ml HF: 10 ml HCl: 8g CrO 3 . Samples may also be beveled mechanically or by focused ion beam (FIB) to reveal grain structure throughout the film, though that is not shown here. More details about the etch can be found in [24] . Fig. 1 shows the optical images from etched polycrystalline samples.
To ascertain the validity of the technique and analyze texture, EBSD was used to image both the back of the film and cross sections to evaluate grain structure throughout the CdTe film thickness. Minority-carrier lifetimes were measured using one-photon time-resolved photoluminescence spectroscopy through the glass. Laser pulses with a wavelength of 640 nm were fired at a rate of 1.1 MHz. Photoluminescence was detected by collecting luminescence through an 840-nm bandpass filter onto a photomultiplier tube. Decay curves were fit by a biexponential function, where τ 1 and τ 2 describe the initial and final decay rates, respectively. There was a close correlation between τ 1 and τ 2 in these measurements and this correlation can be an indication of surface or GB recombination. Here, we report τ 2 values.
III. RESULTS AND DISCUSSION Fig. 1 shows the optical microscopy images of the back surface of CdTe deposited on CdSe of different thicknesses at low and high CSS temperatures. High-T CdTe initially produces larger grains compared with low-T CdTe, as seen in the asdeposited CdTe on the left of Fig. 1 . However, after the CdCl 2 treatment, low-T grains rapidly grow, and at high CdCl 2 temperatures, are comparable with high-T grain sizes. This trend is similar among all the thicknesses of CdSe.
Cross-sectional EBSD images were obtained to image the window layer/CdTe interfaces in addition to the back of the CdTe film. Fig. 2(a) shows EBSD inverse pole figure (IPF) maps where different colors correspond to the grain orientation normal to the CdTe surface and Fig. 2(b) shows their corresponding PF and IPF, showing the orientation along (111) plane normal to the CdTe surface of low T CdTe devices, grown on different CdSe film thicknesses. These images show that, irrespective of CdSe thickness, as-deposited CdTe grains are strongly oriented in the (111) plane and become randomly oriented after being treated with CdCl 2 , confirming recrystallization after the CdCl 2 treatment. At a CdCl 2 temperature of 425°C, the grains grow considerably in size; however, there are small grains at the interface and many horizontal GBs. These small grains can increase recombination and lower aggregate lifetime if they are not passivated. At 475°C, in addition to continued grain growth, these interface grains are reduced even further for thicker CdSe. For thinner CdSe, horizontal GBs are eliminated completely, with large grains extending uninterrupted from the CdSe/CdTe interface to the back of the CdTe film.
Despite this desired effect of thin (75-nm) CdSe, thicker (300-nm) showed more resistance to delamination and film degradation at elevated treatment temperatures. Therefore, an intermediate thickness (∼150-200 nm) would be more suitable for CdSe, which would produce CdTe films with good quality and morphology while effectively withstanding high temperatures. This is also consistent with the results of Swanson et al. which showed optimal CdSe/CdTe device performance using 200-nm thick CdSe [25] . Fig. 3 shows how grain growth evolves with temperature for MZO/CdTe devices at low and high CSS deposition temperatures. For 400°C and 425°C CdCl 2 treatment temperatures, there are small grains at the interface similar to those seen in CdSe-based devices, irrespective of the CdTe deposition temperature. For high-T CdTe, these small grains are practically removed for CdCl 2 temperatures ࣙ 450°C, whereas low-T CdTe requires more aggressive CdCl 2 temperatures to accom- plish this. Nonetheless, it is possible to enlarge the grains by increasing the CdCl 2 temperature, regardless of the CdTe deposition temperature and/or window layer thickness. Fig. 4 contains a summary of grain size and lifetime measurements at different CdCl 2 and CdTe deposition temperatures. Fig. 4(a) indicates that the grain size versus CdCl 2 temperature is fairly similar for the different CdTe deposition temperatures, which agrees with the similar grain-growth results observed using microscopy techniques. An Arrhenius plot of these data indicates an activation energy of 0.47 eV (see Fig. 5 in the Appendix), suggesting that the grain growth does have a thermally activated component. Bulk Cl diffusion measurements range from 1.6 [26] to 0.6 eV [27] . While Cl diffusion and the anneal temperature are likely both influencing grain growth, directly linking these activation energies is difficult as recrystallization and grain growth are complex phenomena [28] . Fig. 4(b) indicates that the lifetimes are correlated with the grain size despite different original films. Consequently, it appears that GB recombination influences the entire decay curve and it is plausible that the systematic grain growth and the reduction of interface horizontal GBs with increasing CdCl 2 temperature are key contributors to the lifetime increase. At the same time, changes in the interface and bulk lifetimes may be convoluted with these trends. The similar behavior among the different window layers indicates that Se interdiffusion is not the primary influence on lifetime here.
IV. CONCLUSION
Techniques are developed to quickly estimate grain size using relatively inexpensive and fast optical microscopy. The measurements compare favorably with EBSD measurements. Despite strong differences in grain size and structure for films deposited at low temperature and high temperature, the resulting grain size after CdCl 2 treatment can be similar and grain size consistently increases with CdCl 2 temperature. Longer lifetimes are correlated with larger grain sizes. This is consistent with reduced GB density and improved CdTe morphology at the interface in addition to partial (but not complete) passivation of GBs by the CdCl 2 treatment. The results indicate that Se interdiffusion is not critical. There may be a number of approaches involving different substrates, deposition techniques, and postdeposition treatments that can achieve large grains with long lifetimes despite low deposition temperatures. This may enable routes to high-efficiency devices with novel low-cost approaches in the future [29] , [30] . 
ACKNOWLEDGMENT
The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a nonexclusive, paid up, irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for United States Government purposes.
